We analyze the evolution of the normal and superconducting electronic properties in epitaxial TiN films as a function of the film thickness with high Ioffe-Regel parameter values. As the film thickness decreases, we observe an increase of in the residual resistivity, which becomes dominated by diffusive surface scattering for d ≤ 20 nm. At the same time, a substantial thickness-dependent reduction of the superconducting critical temperature is observed compared to the bulk TiN value. In such a high quality material films, this effect can be explained by a weak magnetic disorder residing in the surface layer with a characteristic magnetic defect density of ∼ 10 12 cm −2 . Our results suggest that surface magnetic disorder is generally present in oxidized TiN films.
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PACS numbers:
Metallic films are exploited in numerous optical applications from nanophotonics and telecommunications at a room temperature [1, 2] to superconducting electronic devices at cryogenic temperatures [3, 4] . Critical for optical and electronic applications, improving the film quality is a multifaceted problem that includes dealing with various disorder types that have different impacts on the electronic properties at ambient conditions and on the superconducting state. A classical example is the effect of paramagnetic impurities in metals, where a minute concentration of impurities can become detrimental at low temperature (T ), resulting in a Kondo effect [5] , the suppression of the superconducting gap [6] and a drastic enhancement of the inelastic scattering [7] . In thin films, a more important effect is produced by magnetic disorder formed spontaneously within oxidized native surface layers, which manifests in enhanced dephasing [8, 9] , Cooper-pair breaking [10, 11] and magnetic flux noise [12, 13] .
Titanium nitride (TiN) thin films exhibit good chemical stability down to nanometer thickness [14] and are used in the fabrication of superconducting devices for photon detection [15] and for quantum information processing [16] [17] [18] [19] . Low dielectric losses at microwave frequencies observed in TiN films are associated with a relatively small surface density of two-level systems defects that contribute to decoherence of the resonators and qubits [20] [21] [22] [23] . In spite of a possible relation between the two-level systems and the magnetic disorder [24] , the impact of the latter in TiN films is much less understood. Although the experiments do not exclude an unknown time-reversal symmetry breaking mechanism in superconducting TiN [25] , the interpretation is complicated by a high level of non-magnetic disorder. Thin TiN films, typically fabricated for superconducting devices, are characterized by a relatively small Ioffe-Regel parameter of k F l 10, where k F is the Fermi wave-vector and l is the carrier mean-free path. Thus, a gradual suppression of the superconductivity in thin films is attributed to the interplay of disorder and interactions [26] [27] [28] [29] or the Berezinskii-Kosterlitz-Thouless phase transition [30] . In order to clarify the role of the magnetic disorder in thin films, one needs to isolate this effect by studying epitaxial films exhibiting excellent electrical properties.
In this work, we focus on the electronic and superconducting properties of the epitaxial TiN films with an exceptionally low level of non-magnetic disorder, k F l ∼ 300. At decreasing film thickness (d) in the range 200 nm > d > 3 nm, we observe an almost ten-fold increase of the residual resistivity, which manifests a predominant contribution of diffusive surface scattering for films thinner than 20 nm. At the same time, the superconducting critical temperature in thin films is reduced by over a factor of three when compared to the bulk value in TiN. In contrast to previous experiments, the high structural and thus electrical quality of the materials studied allows us to rule out the possible impact of non-magnetic disorder on the superconductivity. We theoretically confirm that a minute amount of magnetic scattering centers, residing mainly near the surface of the film and that are irrelevant to normal state transport, can account for the suppression of the superconductivity of small thickness films. Our results imply that magnetic defects with a surface density of about 10 12 cm −2 reside within the naturally oxidized top layer of TiN, qualitatively similar to other materials [8] [9] [10] [11] [12] [13] . and surface roughness in the sub-nm range [31, 32] . The details of the growth and measurement procedures can be found in the Methods section. The studied films with different d were divided chronologically in two sets (1 and 2), each set grown without opening the chamber. In the following, we start from a demonstration of exceptional metallic properties of our films and investigate the electron-phonon scattering and disorder scattering contributions to the film resistivity. This enables us to evaluate the thickness of the oxide ("dead") layer on the surface of the film and the d-dependent mean-free path at low T . Next, we study the superconducting properties and analyze the suppression of the superconducting critical temperature T c with decreasing film thickness. Using the Abrikosov-Gorkov theory [6] we estimate the density of the magnetic defects in fabricated films and observe that in the thin-film limit, the magnetic disorder has a predominantly surface origin. The electronic properties of the unstructured films are summarized in Table I . Figure 1 summarizes the electronic transport properties of the fabricated TiN films of three different thicknesses. Here, we plot the experimental T -dependencies of the sheet resistance R sq for the films from the set 1 in zero magnetic field. At decreasing T , the R sq initially drops linearly and saturates at a residual resistance R 0 below about 50 K. This metallic behavior is typical for all studied films and reveals substantial electron-phonon scattering contribution down to a few nanometer film thickness. The residual resistance ratio, listed in Table I , reaches RRR = 7 once again emphasizing the high quality of RT ∼ 20 µΩ·cm for d ≥ 100 nm, which is close to the best reported results in thin films [14] as well as in a thick single crystal [33] .
We now investigate the electron-phonon coupling in our films and extract the dead layer thickness from the thickness-dependent resistance data, which will be used in the analysis of the superconducting properties. Here, we analyze the phononic contribution to the TiN film conductance at room-T , defined as G
Plotted as a function of d, the G RT ph shows a linear dependence with a finite intercept around d D1 = 1.9 ± 0.5 nm for the set 1 and d D2 = 1.4 ± 0.5 nm for the set 2 (see the guide lines in Fig. 2 ). This provides us with an estimate of thickness d DL of an insulating dead-layer at the surface of our TiN films, which consists of mixture titanium oxide and oxynitride [34, 35] . Slightly different slopes of the d-dependencies of G RT ph in Fig. 2 indicate a minor variation of the strength of the electron-phonon scattering in the two sets. This variation between the sets is also evident from the inset of Fig. 2 , where we plot the slope of the high-T linear part of the T -dependence of the resistivity as a function of d. Note that this data is corrected for the finite dead-layer thickness as ρ * = R sq (d − d DL ). The phonon-induced conductance scales linearly with d, indicating that the electron-phonon coupling strength is independent of the film thickness.
By contrast, the analysis of residual resistivity reveals a strong dependence of the disorder scattering on the film thickness. At low T , the mean-free path increases and we observe the size effect at decreasing d, with a transition from the dominant bulk scattering in thick films to the surface scattering in thin films. Fig. 3 shows that in both sets the residual resistivity measured at T = 10 K increases at least by a factor of four for decreasing d. Assuming diffusive surface scattering, we fit the data using the Fuchs-Sondheimer model (FS-model) [36, 37] :
where in Fig. 3a correspond to l 0 = 25 nm and ρ * 0 = 3.1 µΩ · cm for the set 1 and l 0 = 22 nm, ρ * 0 = 2.7 µΩ·cm for the set 2. This procedure allows us to evaluate the d-dependent mean-free path l = l 0 ρ * 0 /ρ * in our films, shown by symbols in Fig. 3b , and estimate the Ioffe-Regel parameter as high as k F l 0 = 3π 2 l 0 /e 2 ρ * 0 ≈ 300 in the thick film limit. This estimate is consistent with the mean-free paths extracted independently from the data on transport relaxation time and diffusion coefficient extracted from the measured ρ * , plasma frequency ω p and the T = 0 K Ginzburg-Landau superconducting coherence length (see Table I ). The latter is determined using the relation (ξ 0 ) 2 = −Φ 0 (dB c2 /dT ) −1 /2πT c from the temperature dependencies of the second critical magnetic field B c2 (T ), see the Figure 3c .
Next, we analyze the superconducting properties of the fabricated TiN films. We observe a sharp transition to the superconducting state that occurs below a few Kelvin at T = T c , see Fig. 1 . In both sets, the T c values considerably diminish as the d is reduced. The critical temperature varies by more than a factor of 3 and is systematically lower within the set 2 (see Table I ). Note that the effect of decreasing T c occurs in high quality films with R sq /e 2 and has no obvious correla- tion with the mean-free path (see Fig. 3b ), that rules out the role of the non-magnetic disorder in the context of superconductor-insulator transition [27] . Thus, we exclude the Berezinskii-Kosterlitz-Thouless phase transition [30] and the impact of Coulomb interactions [38] , responsible for a decrease of T c in thin dirty superconducting films. We also eliminate an effect of the carrier density because of absence of correlation T c with the plasma frequency data (Table I) , and effect of the variation of the BCS-coupling strength in thin films [39, 40] because of absence of correlation T c with the strength of the electron-phonon coupling (Fig. 2) .
Both the observed differences in T c between the two sets and its decrease upon the reduction of d can be explained by the presence of a minute amount of magnetic disorder, that has a well-known detrimental effect on T c owing to pair breaking spin-flip scattering [6] . The spin-flip scattering time τ s and the critical temperature of the superconducting transition T c are related via the Abrikosov-Gorkov (AG) equation [6, 41] :
where ψ(x) is the digamma function, and T 0 c is the critical temperature in the absence of magnetic disorder. The solid line in the inset of Fig. 4 demonstrates the dependence of the normalized T c as a function of normalized spin-flip rate x = /(2πk B T 0 c τ s ) given by Eq. (2). This dependence is used to extract the spin-flip rate from the measured T c for each TiN film studied. For both sets of samples we have assumed the same T 0 c = 6 K, that is the highest reported value of the critical temperature in TiN [33] . Fig. 4 (body) presents the dependence of the spin-flip scattering rate τ (Table I) . Therefore, we once again exclude the non-magnetic impurities as a possible cause for the scaling of transition temperatures in thin films. Figure 4 indicates that the dominant contribution to the spin-flip scattering in thin films originates from the magnetic disorder residing near the surface. Exploiting the values of the spin-flip scattering rate in Fig. 4 , we estimate the effective density of the magnetic scatterers per unit cell as N M ∼ a/(v F τ s ), where a ≈ 0.4 nm [42] is the TiN lattice constant and v F ≈ 4 × 10 7 cm/s is the Fermi velocity in TiN. Normalizing the density of the surface defects per two-dimensional unit cell we find can account for a growth related variation of T c between the sets, the same value of N s indicates that the observed drop of T c at decreasing d is an important systematic effect in thin epitaxial TiN films. The effective surface density of magnetic defects is as small as a −2 N s = 10 12 cm −2 . Note that this estimate is at least an order of magnitude smaller compared to a typical density of the surface magnetic moments (∼ 5 × 10 13 cm −2 ) in Al, Nb and NbN superconductors [24, [43] [44] [45] .
Finally, we discuss possible microscopic origin of the surface magnetic disorder. It should be noted that magnetic materials were never used in the TiN growth chamber, thereby a trivial contamination with paramagnetic impurities is excluded in the studied films. The surface character of the magnetic scattering in thin films indicates the importance of the TiN interfaces either with the substrate on the bottom or with the dead-layer on the top. Similar to the observations in copper [7, 8] , aluminum [13] and niobium [11] films, we propose that the naturally oxidized top layer can be responsible for the magnetic disorder in our films. The magnetic moments can originate from the unpaired 3d electrons bound to Ti +3 -O V defect complexes [46] , where O V is the oxygen vacancy, which can result even in a room-T ferromagnetism in TiO 2 [47] [48] [49] [50] .
In summary, we analyzed the electronic properties of the epitaxial TiN films of exceptional quality (k F l ∼ 300), which exhibit a size effect in resistivity and the reduction of the superconducting critical temperature with decreasing film thickness. High structural and electronic quality of the films allows us to relate the latter effect to the presence of a minute concentration (∼ 10 12 cm −2 ) of magnetic scatterers within the ∼ 2 nm thick dead-layer on the top of TiN films. The observed surface magnetic disorder can be related to the oxygen vacancies in naturally oxidized TiN films, representing a fundamental limiting factor for their performance in the superconducting state.
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Methods
TiN films were grown on a 111 c-sapphire substrate at a temperature of 800
• C by DC reactive magnetron sputtering from a 99.999% pure Ti target. The growth was performed in an argon-nitrogen environment at a pressure of 5 mTorr and an Ar : N 2 flow ratio of 2 : 8 sccm. The films with different d are divided chronologically in two sets (1 and 2), each set grown without opening the chamber. Between the two growth processes the chamber was opened and the Ti target replaced. Between the subsequent TiN runs during the deposition period, no other material was deposited.
The electronic properties of the unstructured TiN films from the two sets were obtained via two-probe resistance measurement in a home-made 4 He variable temperature insert and by means of variable-angle spectroscopic ellipsometry [51] (data for plasma frequency ω p ). The resistance measurements were carried out with the 370 AC Lakeshore resistance bridge at a bias current of 1 µA. In addition, three structured devices from the set 1 were also investigated within a narrow temperature (T ) range in the vicinity of the superconducting transition in zero magnetic field in a cryo-free dilution refrigerator. Two such devices from the d = 5 nm film (meander and bridge shaped) and one from the d = 20 nm film (meander shaped) were studied in a quasi four-terminal scheme and showed results consistent with the unstructured devices. Room-T (300 K) four-terminal measurements of the unstructured films were performed in order to extract the sheet resistance (R sq ) both at room and at low T (via the known residual resistance ratio, RRR = R 300 K /R 10 K ).
